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An adaptive ripple suppression/compensation apparatus for 
permanent magnet linear motors 

Field of the Invention 

The invention generally relates to the field of motion control, and more 
5 particularly to an adaptive ripple suppression/compensation design which enhances the 
tracking performance of high precision motion control systems such as those based on 
permanent magnet linear motors (PMLM). 
Background of the Invention 

Among the electric motor drives, permanent magnet linear motors (PMLM) are 

10 probably the most naturally suited to applications involving high speed and high precision 
motion control. The increasingly widespread industrial applications of PMLMs in various 
semiconductor processes, precision metrology and miniature system assembly are self- 
evident testimonies of the effectiveness of PMLMs in addressing the high requirements 
associated with these application areas. The main benefits of a PMLM include the high 

15 force density achievable, low thermal losses and, most importantly, the high precision and 
accuracy associated with the simplicity in mechanical structure. Unlike rotary machines, 
linear motors require no indirect coupling mechanisms as in gear box, chain and screw 
couplings. This greatly reduces the effects of contact-type non-linearities and 
disturbances such as backlash and fiictional forces, especially when they are used with 

20 aerostatic or magnetic bearings. However, the advantages of using mechanical 
transmission are also consequently lost, such as the inherent ability to reduce the effects 
of model uncertainties and external disturbances. Therefore, a reduction of these effects, 
either through proper physical design or via the control system, is of paramount 
importance if high-speed and high precision motion control is to be achieved. 

25 A significant and well-known nonlinear effect in the dynamics of the PMLM is 

the phenomenon of force ripple arising from the magnetic structure which exhibit 
characteristics that are position and velocity dependent. This is a prominent factor 
limiting the performance of PMLMs. Periodic disturbances also occur in a variety of 
engineering applications. In data storage systems, for example, the eccentricity of the 

30 track on a disk requires a periodic movement of the read/write head at the frequency of 
the rotation of the disk. In the rotary type DC motors and stepper motors, torque 
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pulsations occur at the frequency of rotation of the motors, due to the tendency of the 
permanent magnets to align themselves along directions of minimum reluctance. In 
switched reluctance motors, torque ripples also arise due to the saturation effect and the 
variation of magnetic reluctance leading to highly nonlinear characteristics which result in 
5 the ripples. 

A great deal of effort has been devoted to overcome the difficulties associated 
with the nonlinear rippling effects. Among the prior art, optimal feedback control has 
been suggested to provide a high dynamic stiffness to external disturbances (D.M. Alter 
and T.C. Tsab, Control of linear motors for machine tool feed drives: design and 

10 implementation of H«, optimal feedback control ASME J. of Dynamic systems. 
Measurement and Control, vol. 118, pp649-658, 1996). A neural-network feed-forward 
controller has also been proposed to reduce positional inaccuracy due to reproducible and 
slowly time-varying disturbances (G. Otten, T.J.A.de Vries, J.van Amerongen, 
A.M.Rankers and E.W.Gaal, Linear motor motion control using a learning forward 

15 controller, DEEE/ASME Trans, on Mechatronics, vol.2(3), ppl79-187, 1997). Yao and 
Tomizuka have proposed an adaptive robust control approach and applied it subsequently 
to high speed, high accuracy motion control of machine tools (B. Yao and M. Tomizuka, 
Adaptive robust control of SISO nonlinear systems in a semi-strict feedback form, 
Automatica, vol. 33(5), pp.893-900, 1997.). A radial-basis function has been proposed by 

20 Tan et al as part of a composite control scheme to reduce errors arising from nonlinear 
uncertain remnants which were not considered in the linear control (K.K. Tan, S. N. 
Huang, H. F. Dou, S.Y. Lim, S. J. Chin, Adaptive Robust Motion Control for Precise 
Trajectory Tracking Applications, Mechatronics - submitted, 1999.). Iterative learning 
control has also been proposed in the past, where it has been targeted at applications 

25 involving repeated iterative operations (K.K.Tan, T.H.Lee, S.Y.Lim, and H.FJDou, 
Learning enhanced motion control of permanent magnet linear motor, Proc. of the third 
IFAC International Workshop on Motion Control, Grenoble, France, pp397-402, 1998.). 
In all these works, while the efforts were geared towards the compensation of nonlinear 
uncertainties, there has been no explicit modelling of the ripple force phenomenon, and 

30 consequently, no direct approach to attempt to suppress these forces which should yield 
direct improvement in tracking performance. 



Summary of the Invention 

According to a first aspect the present invention a control system for controlling a 
plant having an operating characteristic which describes the translation of a plant input to 
a plant output, wherein the plant characteristic has a linear component and a non-linear 
component, the control system comprising a feedback control function, and a feed- 
forward control function, such that a demand signal is simultaneously applied to 
respective inputs of the feedback and feed-forward control functions and respective 
outputs of the feedback and feed-forward control functions are summed together to 
generate the plant input, the feed-forward control function having a first component which 
is a function of a model of the linear component of the plant characteristic, and a second 
component which is an adaptive function to compensate for the non-linear component of 
the plant characteristic, and the adaptive function being approximately modelled on the 
non-linear component of the plant characteristic and having adaptive laws which vary 
parameters of the adaptive function with time such that the adaptive function approaches 
the non-linear component of the plant characteristic. 

In a preferred embodiment of the invention, the non-linear component of the plant 
characteristic is of the form:- 

u Hppie = sin(<m + </>) = A l (x) sin(cax) + A 2 (x) cos(cax), 

where x is the plant variable, 

and where the adaptive function has the form;- 

u afc ~ a i ( x (0) sin(<m) + a 2 (x(t)) cos(cox) 9 
w here , , v , 

A <%fx(£)) = -gesm((m), 
e is an error signal given by:- 
e = (x d ~x), 

g is an adaptation gain and is greater than 0, x d is the desired function of the plant 
variable and co is related to 1/period of the non-linear component of the plant 
characteristic, such that the adaptive feed- forward control function continuously adjusts 
the parameters a l & a 2 in response to the error signal e . 



One example of the type of plant to be controlled by an embodiment of the 
invention is a permanent magnet linear motor (PMLM), in which the plant variable 
x represents an instantaneous position of a translator of the linear motor, the desired 
function of the plant variable x d represents the desired trajectory of the translator and the 
5 PMLM has a magnetic structure having a pole pitch x p , such that co = 2jv I x p . In 

embodiments of this type, the adaptation gain has a value of in the range of 0-1, and 
preferably in the range of 0.2-0.6. Values of around 0.2 have been found to work well in 
practice, but other types of motor will require different values of adaptive gain for best 
performance. 

10 In the preferred embodiment, the inputs to the ripple suppressor include a user 

specification of the pole pitch of the permanent magnet, the desired motion trajectory and 
the actual position measurement. These parameters allow the construction of a model for 
the ripple characteristics in terms of a sinusoidal function with respect to the displacement 
of the translator of the PMLM. The function of the preferred ripple suppressor is to 

15 continuously adjust the amplitude of the sinusoidal function based on the tracking error so 
that the ripple model approaches the actual characteristics optimally. The output from the 
ripple suppressor is a feed-forward control signal to be input to the PMLM which will 
compensate the ripple force accordingly. This input is in addition to other control input 
which the PMLM may already be receiving from the commissioned motion control 

20 system. 

Preferably, the feedback controller is a Proportional/Integral/Derivative or, 3- 
term controller, hereinafter referred to as a PID controller. 

The preferred embodiments of the invention provide a ripple 
suppression/compensation apparatus which can yield improvement in the tracking 
25 performance of servo mechanisms with a more specific view towards application to a 
PMLM. Because of its adaptive characteristics, it is applicable to different versions of 
PMLM without necessitating a change in the physical design. 

Embodiments of the invention facilitate smooth precise motion while 
uncompromising on the maximum force achievable 
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Brief Description of the Drawings 

An embodiment of the invention will now be described by way of example, with 
reference to the accompanying drawings, in which: 

Figure 1 is a block diagram of a typical prior art motion control structure, PED- 
5 Proportional-Integral-Derivative, FFC-FeedForward Control; 

Figure 2 is a block diagram of an embodiment of a control system according to the 
present invention, PID-Proportional-Integral-Derivative, FFC-FeedForward Control, 
AFC-Adaptive Feedforward Control; 

10 tracking ability of an example of a system, such as that of Figure 2, according to the 
present invention, in which Figure 3(a) shows a sigja^jreprefenting a desired trajectory 
x d , Figure 3(b) represents the error signal-f^ -x) 9 and Figure 3(c) represents the control 

signal provided atjhe^tiput of the plant and derived by summing the outputs of the PID 
CantrdJfer-^ 
15 Ji^ffl^^^i^^ 

tracking ability of a system without the adaptive feed forward o^poneilfof the present 
invention in which Figure 3(a) again represent^a-^rgflSTrepresenting a desired trajectory 
x d , Figure 3(b) represents^e-erroTsignal (x d -x), and Figure 3(c) represents the control 

signal J7provid€d^at the input of the plant and derived by summing the outputs of the PID 

' '■ 

20 GoJi&oHer^^^^ 



Detailed Description of the Preferred Embodiments 

Referring to Figures 1 and 2, block diagrams are provided of two control systems 
for a permanent magnet linear motor. The figure 1 system is a prior art system employing 
25 feedback and feed-forward control, whereas the Figure 2 system is an illustrative 
embodiment of the present invention and employs adaptive feed-forward control (AFC) as 
well as feed-forward control (FFC), and feedback control (FBC) which in this example is 
a Proportional/Integral/Derivation (PID) controller. 

Traditionally, where systems required an output state to be accurately controlled, 
30 adjusted and maintained at a predetermined value, feedback control systems were 
employed to continually adjust input to the system being controlled in order to maintain 
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the required output. Typically, such feedback systems measured an output parameter 16 
known as he measured variable or plant variable and compared it with a desired value 1 1 
of that variable to calculate an error signal 18. 

It is common in single loop feedback systems to employ 
5 Proportional/Integral/Derivative (PID) controllers 19 (also known as 3 -term controllers) 
which have as their input, the error signal (e) 1 8 and have as their output a control signal 

(u PW ) 20 given by: 



be controlled are modelled, the model may be used to predict the input required to obtain 
a desired change in output. By applying a demand signal 11, representing the desired 
system output to the input of the feed-forward controller 12, a component 13 is added to 
the PID controller output 20 to produce signal 14 of the device 15 being controlled such 

15 that, assuming perfect modelling, the output 16 should be caused to change to the desired 
output. Unfortunately, it is rarely possible to perfectly model a physical device, and 
therefore, feed-forward control cannot replace the traditional feedback control systems, 
but, merely supplement them. Feed-forward control, can however, significantly improve 
system response by quickly adjusting the plant input for rapidly changing demand signals. 

20 To achieve similar response with a traditional feedback controller, would require high 
loop gains and would increase the possibility of instability. With non-linear systems, 
these problems are even more evident and the advantages of feed-forward control even 
greater, however, it is often not possible to model non-linear systems with sufficient 
accuracy, particularly when the non-linear response characteristic of the plant being 

25 controlled is a function of manufacturing tolerances of the plant. To deal with these 
shortcomings of conventional feed-forward control, it is now proposed to employ a form 
of adaptive feed-forward control which broadly models the non-linear characteristics of 
the plant being controlled, but includes an adaptive function that continuously adjusts the 
feed-forward parameters. 
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In Figure 2, the system input 11 is fed to the adaptive feed- forward controller 
(AFC) 21 as is the error signal 18 and the AFC 21 processes these inputs to produce its 
own control signal component (u AFC ) 22 which is added to the other control signals 13, 

20 to produce the plant input 24. 
5 Li the case of a PMLP, the non-linear characteristic is primarily due to the force 

ripple phenomenon described previously. In the preferred embodiment the force ripple 
phenomenon is viewed and modelled as a response to a virtual input to the PMLM 
described in the form of a periodic sinusoidal signal: 

u rippie ~ ^(x) sin(cox + (f>) - A l (x) sin(<s>x) + A 2 (x) cos(<£tx), (1) 

ca 

C\ 2k 

%% 10 where co = — and x is the pole pitch of the magnet structure. </> is the phase 
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specification providing a reference point to the sinusoidal function. A(x), A^x) pand 
A 2 (x) are functions of the displacement x of the translator of the linear motor. 

A dither signal is thus designed correspondingly to eradicate this virtual force as: 



u afc — a \ ( x (0) sin(cux) + a 2 (x(t)) cos(tyx). 



(2) 



Perfect cancellation will be achieved when 

a x * (x) = —A l (x), a 2 * (x) = —A 2 (x). (3) 
Feed- forward compensation schemes are well known to be sensitive to modelling 
errors which inevitably result in significant remnant ripples. An adaptive approach is thus 
adopted so that a\ and a 2 will be continuously adapted based on desired trajectories and 
prevailing tracking errors. 
Let 



a — 



<*l(*)~ 


,e = 


sin(cyx) 


,a* = 




_a 2 0)_ 


cos(<s#:) 




.-4W. 



(4) 



The plant output due to AFC is then given by: 

x a =P[a-a*] T 0, (5) 

where P denotes the plant. 

(5) falls within the standard framework of adaptive control theory. Possible 
update laws for the adaptive parameters will therefore be: 
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Sf(x(t)) = -ges\n{cox), (6) 
4(x(0) = -gezo$(cax), (7) 
where g > 0 is an arbitrary adaptation gain, e = -x is the tracking error where x^ is the 

desired position trajectory. 
5 Differentiating (13) and (14) with respect to time, the following equations are 

obtained 

4(0 = -g&fy sm(cox), (8) 
. 4(0 = -gety cos(<yx), (9) 

p In other words, the adaptive update laws (8) and (9) can be applied as an 

J % 10 adjustment mechanism such that a x (t) and a 2 (t) in (2) converge to their true values . 
It Implementation 

Q As described above, the physical implementation of the ripple 

Q suppression/compensation apparatus is preferably by means of a microprocessor/digital- 

computer using known techniques to implement various aspects of the above described 
15 function. However, as will be appreciated by those of ordinary skills in the art, analog 
^! electronic circuits may be used to fulfil many parts of this purpose. 

y. For the preferred digital implementation of the control apparatus, an interface 

between the(digital) controller apparatus and the analog (input) measurements and 
actuator (output) signals 'uses analog-to-digital and digital-to-analog converters, 

20 respectively, in the same manner as used by conventional digital controllers. 
Accordingly, the present disclosure omits description of such converters. Similarly, the 
functions of the ripple suppressor/compensator are implemented as a software program 
(stored in a Programmable Read Only Memory of the microprocessor/digital-computer, 
for example) for processing the stored data representing the converted input and output 

25 signals. The input parameter set, time functions and other data variables are held in the 
Random Access Memory of the microprocessor/ digital computer. The software used for 
this purpose by the present invention is the same as in other digitally implemented 
controllers and, accordingly, a detailed description thereof is omitted. 
Experimental example 
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In this experimental example, a Linear Drive tubular linear motor (LD3810) was 
employed. The test bed system was equipped with a Renishaw optical encoder with an 
effective resolution of 1 Tm, The dSPACE control environment and rapid prototyping 
system was used, employing the DS 1 102 board. 
5 The desired trajectories used in this experiment are given by: 

=10 6 K +(*o -x f )(l5r 4 -6r 5 -10r 3 )], (10) 
^( r ) = 10 6 (^ 0 - Xf )(60r* -30r 4 -30r 2 ), (11) 
where 10 6 is used to normalize the system units to fjm. x d and j% denote the desired 
O position and velocity trajectories, x 0 =0 and x f = 0.21m denote the initial and final 

W 10 positions, respectively, r ~t/(t f -t 0 \ where t 0 = 2 seconds and ^=5 seconds are the 

H initial time and final time of the trajectory. 

p 

,4 As with feedback control, the gain (g) chosen for the adaptive feed-forward 

'js controller will be a trade off between lower values which give reliable performance and 

h % higher values which give faster tracking. The optimum value will depend on factors 

W 15 related to the configuration and use of the system and is usually adjusted by trial and 

p error. Values in the range of 0-1 and preferably in the order of 0.2 have been found to be 
useful with the particular system described above. 

20 o^sufe-wiThow^ 

It will be appreciated by persons skilled in the art that numerous variations and/or 
modifications may be made to the invention as shown in the specific embodiments 
without departing from the spirit or scope of the invention as broadly described. The 
present embodiments are, therefore, to be considered in all respects as illustrative and not 
25 restrictive. 
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